I. INTRODUCTION
The spectroscopy of the CF radical has been studied by many different methods ͑Refs. 1-6 and references therein͒. Two band systems of the doublet manifold, A 2 ⌺ ϩ -X 2 ⌸ in the region 2075-3000 Å and B 2 ⌬ -X 2 ⌸ in 1900-2200 Å, and the a 4 ⌺ Ϫ -X 2 ⌸ transition have been identified and characterized, while a number of new bands in the region 7.3 to 7.89 eV, associated with higher electronic states have been obtained but have not been well characterized. 6 The A 2 ⌺ ϩ state has been found to be predissociated above vϭ1 ͑Ref. 3͒ and several mechanisms for the predissociation have been postulated, including interaction with a 4 ⌸ state, 3 and indirect interaction with a 4 ⌺ Ϫ state. 6 In recent laser-induced fluorescence work on the A 2 ⌺ ϩ -X 2 ⌸ transition, 5 the lifetimes of vibrational levels of the A 2 ⌺ ϩ state are found to be in agreement with the results of a theoretical calculation, 7 where the predissociation involves tunneling through a barrier in the potential energy curve of the A 2 ⌺ ϩ state which is presumed to result from an avoided crossing with another 2 ⌺ ϩ state at large internuclear distances. Except for the above-mentioned ab initio study which involved only the X 2 ⌸, A 2 ⌺ ϩ , and B 2 ⌬ states, earlier HF and MCHF calculations on the electronic states of CF have yielded information on several valence and Rydberg states of this system. 6 The potential energy curves thus obtained show crossings at large internuclear distances ͑R͒ between valence states with different dissociation limits and at short R crossings with Rydberg states. For example, the B 2 ⌬ state is predicted to have an avoided crossing with a Rydberg 3d 2 ⌬ state at short R ͑which was not included in the latest theoretical work on this state͒. 7 However, in these HF and MCHF calculations it was not possible to obtain the different types of states ͑or different parts of a potential energy curve͒ with one set of calculations and thus to obtain them with similar accuracy 6 although they did yield a lot of information on the configurations characterizing the different states in the different regions of the internuclear distance.
Firstly, in the present work large-scale multireference configuration interaction calculations have been carried out on the ground and doublet excited states of CF in an effort to obtain uniform-accuracy potential energy curves for the excited states of CF including the higher states which might be associated with the observed and as yet unassigned bands. Secondly, quantum defect functions have been determined for Rydberg s, p, and d states which may be used to generate higher ns, np, and nd Rydberg states. Thirdly, transition dipole moments, radial coupling matrix elements d/dR, and rotational-electronic coupling matrix elements connecting the states X 2 ⌸, A 2 ⌺ ϩ , B 2 ⌬, 2 2 ⌸, and 2 2 ⌺ ϩ have been calculated. The potential energy curves and the interaction matrix elements of these five states have been included in a five-state complex-coordinate-scaling calculation of their vibrational-rotational levels and widths. The object of the latter calculations was to determine predissociation lifetimes for vibrational levels of the above excited states in a multistate treatment, including all the possible interactions between them.
II. CALCULATIONS

A. Ab initio calculations
Ab initio MRDCI 8 calculations have been carried out on the doublet electronic states of CF for 16 values of the internuclear distance ranging from 1.7 to 4.5 bohr. Similar calculations have been carried out on electronic states of the cation, CF ϩ , of which only the ground-state potential is required for the present work. The AO basis set employed consists of the (10s6p/5s4p) sets for C and F of Dunning 9 augmented with d polarization functions with exponent 0.75 for C and 0.90 for F, and with Rydberg functions 2s and 2 p for F and 2s, 2p, and 2d functions for C, with exponents as in Dunning 
where
and
͑3͒
The factor ͓A l i ( i (R))͔ Ϫ1 serves to eliminate solutions with l i Ͻn i . 13 Equation ͑1͒ is employed first, with the ab initio potentials substituted for E(R), for the determination of the quantum defects. The higher Rydberg states are calculated subsequently by introducing the calculated quantum defect functions in Eq. ͑1͒ and varying E(R) to find those energies which satisfy the equation. In this manner all the l Rydberg states up to the ionization limit are generated.
B. Multistate vibrational calculations involving complex scaling of the internuclear coordinate
A multistate-complex scaling method for the calculation of predissociation resonances that has been described in detail elsewhere 12, 14 has been employed for the present fivestate 
where z = is the diagonal matrix of complex eigenvalues. The resonances correspond to the eigenvalues z k which are stable with respect to and
where E k is the energy position and ⌫ k is the linewidth of the resonance. The Hamiltonian matrix in Eq. ͑4͒ consists of blocks H =
IJ
where I,J stand for the different electronic states. A basis set of Hermite polynomials is employed and matrix elements over the nuclear energy operator and over the electronic potential energy functions and interactions are computed, where the latter are evaluated numerically with the aid of a Gauss-Hermite quadrature procedure. 12 In the present case we use 100 harmonic oscillator functions per state which result in a 500ϫ500 complex eigenvalue problem. Stabilization of the eigenvalues was achieved for complex rotation angles from 2°to 10°and for some of the eigenvalues for larger values of .
III. RESULTS AND DISCUSSION
A. Potential energy curves
The ab initio total energies calculated in the present work for electronic states of CF and the ground state of CF ϩ have been listed in Table I . Potential energy curves have been plotted in Fig. 1 4 2. However, the character of the state changes since at short R the 6 orbital has Rydberg s character while at R larger than 2.6, it has valence character. The Rydberg s character is taken on for R larger than 2.6 bohr by the next orbital, which at shorter R has Rydberg p character. The change in the Rydberg character of the second 2 ⌺ ϩ state is indicated as an avoided crossing at 2.6 bohr ͑see Fig. 3͒ . At large R for the second 2 ⌺ ϩ state, starting at about 2.8 bohr, and for the region 2.6-2.8 bohr for the third 2 ⌺ ϩ state, the potential energy curves follow the 5→2 ͑with respect to the ground state configuration͒ diabatic state ͑solid triangles in Fig. 3͒ , while at R larger than 3.5 bohr, the configuration 5 2 →62 also becomes important. Virtually identical energies are obtained by the 2 A 1 and 2 A 2 calculations of the 2 ⌬ states. As shown in Fig. 2 , the potential energy curve of B 2 ⌬ shows a maximum at 3.6 bohr which is a result of an avoided crossing with a repulsive 2 ⌬ state correlating with ground state dissociation limits ͑state 2Ј 2 ⌬ in Table I͒ . The potential energy curves of the higher 2 ⌬ states shown in Fig. 2 , also have the characteristic Rydberg shapes with minima at 2.2 bohr, where the avoided crossing between the first two ͑the valence and the Rydberg͒ 2 ⌬ states has been depicted in the plot as a crossing. The valence 2 ⌬ state is characterized by the 5→2 configuration for R out to 3.8 bohr, at which point and for larger R the configuration 5 2 →62 gains importance. The 2 ⌺ Ϫ state, correlating with ground state dissociation limits is repulsive and extends back through the other states and above the first ionization limit. In Table II , the vertical transition energies at 2.4223 bohr ͑which is the minimum of the fitted potential energy curve of the ground state͒, and the adiabatic electronic transition energies of the excited states with respect to the ground state have been listed, while the available experimental T e values ͑6,15͒ are also included in brackets. Also listed are the computed vertical and adiabatic ionization potentials. The labels listed next to the states in Table II refer to the Rydberg ͑R͒ or valence (V) character of the excited states, while the atomic l labels s, p, or d refer to the predominant contribution of the corresponding atomic orbitals with small exponents to the Rydberg state. These l labels are rather formal since l-mixing is allowed in the molecular symmetry. As shown in Table II , the ⌬E adiab obtained from the potential energy minima is very close to the experimental energy difference, within 0.05 eV for the A 2 ⌺ ϩ state. For the 2 2 ⌸(3p) state ͑or D 2 ⌸͒ the theoretical transition energy differs by 0.1 eV from the experimental, while for the valence B 2 ⌬ state the error in the theoretical transition energy is 0.13 eV. These differences of the theoretical transition energies from the experimental are typical of such calcula- On the basis of the transition energies listed in Table II , there is no evidence of a 2 ⌺ ϩ state referred to as CЈ ͑6,15͒ at 6.64 eV, and therefore the observed bands must be assigned to a different transition, not involving any of the Rydberg states. The assignment of the observed band at 6.35 eV to the transition 2 2 ⌺ ϩ (3p) -X 2 ⌸ ͑Ref. 6͒ is also consistent with the calculated ⌬E adiab ͑cf. and with the aid of Eq. ͑1͒. The resulting coefficients a j of Eq. ͑6͒ are listed in Table III . In Fig. 4 , there is a plot of potential energy curves of Rydberg states of CF generated from the quantum defect functions while the energies of some Rydberg states at 2.2 bohr are listed in Table IV . Further information on the higher Rydberg states ns, np, and nd may be generated with the data provided in Table III, Table  I , and Eq. ͑1͒. As it was not possible to obtain the 3p 2 ⌺ ϩ state for R larger than 2.8 bohr, all the np 2 ⌺ ϩ states are limited to that distance.
B. Lifetimes
The results of some further calculations on the lower lying states of CF, X 2 ⌸, A 2 ⌺ ϩ , B 2 ⌬, 2 2 ⌸, and 2 2 ⌺ ϩ are presented below. In Fig. 5 there is a plot of the adiabatic potential energy curves of these states while in Figs. 6 and 7 there are plots of the interaction matrix elements, radial, and rotational-electronic coupling, respectively, over the electronic wavefunctions of the above states. In Fig. 8 Fig. 5͒ . The calculated transition moments obtained without the Rydberg contribution, with the B 2 ⌬ state following the valence curve through the crossing, and indicated by asterisks in Fig. 8 reproduce the previous results. 7 The radiative lifetimes of vibrational levels of the A 2 ⌺ ϩ and B 2 ⌬ states are listed in Table V 20 For the vϭ0 level of the B 2 ⌬ state the present work obtains a larger theoretical value for the lifetime than the previous, 7 since the avoided crossing with the Rydberg state leads to lower transition moments at short R, and in good agreement with the available experimental data. A shift of the potential energy curve of the B 2 ⌬ state to match the experimental T e value would make the agreement even better.
The data presented in Figs. 5, 6, and 7 have been included in a multistate complex coordinate rotation calculation of vibrational-rotational levels and their widths. These calculations concern only the positive parity substates of the 2 ⌸ and 2 ⌬ states along with the 2 ⌺ ϩ states. 21 The results are summarized in Table VI in terms of energies of different vibrational-rotational levels and the predissociation lifetimes. It is possible to assign the vibrational-rotational levels to particular electronic states on the basis of the dominant coefficient. Only lifetimes shorter than 10ϫ10 Ϫ6 seconds are given. As shown in Table VI , the present results on the levels of the A 2 ⌺ ϩ state are in agreement with previous results and observations. The levels vϭ0 and vϭ1 are not predissociated and only for rotational quantum number J of 20 is the predissociative lifetime of the vϭ1 level close to the value of the radiative lifetime. For higher vibrational levels very short predissociation lifetimes are obtained ͑see Table VI͒. For vϭ2, the predissociation lifetime is 0.07 ns for Jϭ1 and decreases only slightly with J giving 0.04 ns for Jϭ20. The experimentally determined range for the predissociation lifetime is from 0.4 to 2 ns, while the tunneling lifetime for rotationless vϭ2 is calculated at 4.2 ns ͑Ref. 7͒ and for different rotational levels 5 it varies from 3 ns ͑for Jϭ0͒ to 2 ns ͑for Jϭ20͒. For vϭ3, the predissociation lifetime is 0.36 to 0.22 ps ͑between Jϭ1 and Jϭ20͒ with the tunneling lifetime 4.1 ps. 7 Thus the present results are in agreement with experimental observations regarding the predissociation of the different vibrational levels and regarding the slow variation of the lifetimes with rotational level. The absolute values of the lifetimes obtained in the present work are a factor of 10 lower than the experimentally estimated lower bound. 5 The predissociation lifetimes of the 2 2 ⌺ ϩ state show that it is heavily predissociated with lifetimes of the order of picoseconds ͑see Table VI͒. The 2 2 ⌺ ϩ state lies in the vibrational continuum of the A 2 ⌺ ϩ and it has very strong radial coupling with it ͑cf. Figs. 5 and 6͒ and in this manner it is predissociated. The assigned band at 6.35 eV to the X 2 ⌸→3 p 2 2 ⌺ ϩ transition is reported as diffuse, 6 which is consistent with short predissociation lifetimes for this state. The D 2 ⌸ state ͑or 2 2 ⌸͒ is not strongly predissociated for rotational levels JϽ5 of vϭ0, while predissociation becomes important for higher vibrational levels. The mechanism seems to be via rotational-electronic coupling, since there is strong decrease of the lifetime with J ͑see Table VI͒. As shown in Fig. 7 , the largest interaction of the D 2 ⌸ state is with 2 2 ⌺ ϩ and therefore it is predissociated indirectly by
The results for levels of the B 2 ⌬ state ͑see Table VI͒ show that the vibrational levels vϭ0 and vϭ1 are not significantly predissociated but for higher v levels predissociation is faster than the radiative B 2 ⌬ -X 2 ⌸ transition. Again, the predissociation lifetime decreases with increasing J, consistent with the strong rotational-electronic coupling of this state with the ground state, X 2 ⌸. Thus only the levels of the positive parity substate of D 2 ⌸ are expected to be affected while both the levels of positive and the negative parity substates of B 2 ⌬ are predicted to be equally predissociated.
IV. CONCLUSION
In the present work ab initio MRDCI calculations are presented on several electronic states of CF and on the 
